Two ligands H 2 L 1 and HL 2 containing imidazole rings and piperazine or morpholine units have been prepared by the reaction of 1,10-phenanthroline-5,6-dione with 4,4'-(1,4-piperazinediyl)bisbenzaldehyde and 4-morpholinobenzaldehyde, respectively. The Ru(II) polypyridyl complexes [(bpy) 2 Ru(H 2 L 1 )Ru(bpy) 2 ] 4+ and [(bpy) 2 Ru(HL 2 )] 2+ have been synthesized by the reaction of Ru(bpy) 2 Cl 2 ·2H 2 O with ligands H 2 L 1 and HL 2 , respectively. The pH effects on the UV/Vis absorption and fluorescence spectra of both complexes have been studied. The ground-state and excited-state ionization constants of the acid-base equilibria have been calculated according to the absorbance and emission data. The photophysical properties of both complexes are strongly dependent on the solution pH. They act as proton-induced "off-on-off" fluorescence pH sensors through protonation and deprotonation of the imidazole, piperazine or morpholine groups, with a maximum on-off ratio of 6 in buffer solution at room temperature.
Introduction
Luminescent signaling systems that respond to external stimuli which are important for the design of molecular switches and molecular machines have received much attention in recent years [1 -4] . Protoninduced luminescent switches are especially appealing for the measurement of pH and pCO 2 in biological, chemical and industrial areas, such as acid rain pollution and environmental monitoring. Various luminescent dyes have been explored for the development of optical pH sensors, including fluorescein, naphthalene, corrole, and coumarin derivatives [5 -7] . However, these organic molecules have small Stokes' shifts, overlapping pK a values and limited photostability. Investigations of luminescent transition metal complexes have attracted less attention, and their great potential as pH sensors has not fully been explored [8 -10] . Recently, considerable attention has been paid to Ru(II) complexes as pH sensors, because their photophysical and electrochemical properties are quite sensitive to external inputs [11, 12] . The general approach for the design of pH-sensitive luminescent metal complexes is to modify a core ligand for pH sensitivity. This concept has been successfully applied to several Ru(II) polypyridyl complexes, and Ru(II) polypyridyl complexes with carboxylic acid, pyridine, amine or phenol groups attached to the core ligands have been reported [13 -16] . The choice of ligands is an important factor for a successful pH sensor. Imidazole-containing ligands are poor π acceptors and good π donors compared with pyridine-, pyrazine-and pyrimidine-containing ligands. Furthermore, imidazole-containing ligands possess ionizable N-H protons, which can perturb the electronic properties of their metal complexes through protonation and deprotonation. Although some Ru(II) polypyridyl complexes containing imidazole units have been pre-pared, in most cases, these complexes are non-emissive or weakly emissive associated with deprotonation processes [17 -19] ; only those with imidazole units uncoordinated to the Ru(II) centers are good emitters. To the best of our knowledge, only a few monoand dinuclear Ru(II) polypyridyl complexes of this kind have been reported [20 -22] . Similar to most pH indicators, most of the Ru(II) complexes have a narrow pH-sensing range. Therefore, the development of luminescent Ru(II) complexes with a widerange pH sensing function continues to be an interesting research area. With the aim of preparing Ru(II) complexes covering a broad pH-sensing range, we synthesized two Ru(II) complexes consisting of two different N-heterocyclic fragments, each possessing different protonatable/deprotonatable functionalities: imidazole, piperazine, or morpholine. The spectroscopic properties of both complexes in response to pH changes are presented and discussed.
Experimental Section
Materials and physical measurements 2,2'-Bipyridine, 1,10-phenanthroline, 4-fluorobenzaldehyde, piperazine, morpholine, ethylene glycol, RuCl 3 ·3H 2 O, NH 4 PF 6 , NH 4 OAc, CH 3 COOH, CH 3 CN, EtOH, CH 2 Cl 2 , and DMF were purchased from the Tianjin Chemical Reagent Factory. Solvents and raw materials were of analytical grade and used as received. An exception was CH 3 CN, which was filtered over activated alumina and distilled from P 2 O 5 immediately prior to use. 1,10-Phenanthroline-5,6-dione [23] , 4,4'-(1,4-piperazinediyl)bisbenzaldehyde [24] , 4-morpholinobenzaldehyde [24] , and Ru(bpy) 2 Cl 2 ·2H 2 O [25] were synthesized according to literature procedures. 1 H NMR spectra were recorded on a Mercury Plus 400 spectrometer using TMS as internal standard. ESI-HRMS spectra were obtained on a Bruker Daltonics APEXII47e mass spectrometer and ESI-TOF spectra with a Mariner Biospectrometry Workstation. Elemental analyses were taken using a Perkin-Elmer 240C analytical instrument. Absorption spectra were obtained on a Varian Cary-100 UV/Vis spectrophotometer and fluorescence spectra with a Hitachi F-4600 spectrophotometer. Electrochemical measurements were carried out at room temperature using a CHI 660B electrochemical workstation. Cyclic voltammetry was performed in CH 3 CN and DMF solutions using a micro cell equipped with a platinum disk working electrode, a platinum auxiliary electrode and a saturated potassium chloride calomel reference electrode with 0.1 mol L −1 tetrabutylammonium perchlorate (TBAP) as supporting electrolyte. All samples were purged with nitrogen prior to the measurements. [(bpy) 2 
Synthesis

Results and Discussion
Synthesis and characterization
The outline of the synthesis of the two ligands and their Ru(II) complexes is presented in Scheme 1. The ligands were synthesized on the basis of the method for the imidazole ring preparation established by Steck et al. [26] . Ligands H 2 L 1 and HL 2 were synthesized through condensation of 1,10-phenanthroline-5,6-dione with 4,4'-(1,4-piperazinediyl)bisbenzaldehyde and 4-morpholinobenzaldehyde, respectively, in refluxing glacial acetic acid containing ammonium acetate. Both Ru(II) complexes were obtained by refluxing Ru(bpy) 2 Cl 2 ·2H 2 O and the ligand in suitable solution, and isolated as PF − 6 salts in good yields. Both complexes were characterized by elemental analyses, ESI-HRMS, ESI-TOF, and 1 H NMR spectroscopy.
Elemental analyses are well consistent with the formation of both complexes. The structures of both Ru(II) complexes were further established by MS spectra. This technique has proven to be very helpful for identifying transition metal complexes with high molecular masses [27] . The data with the peak assign- ments are given in the Experimental Section. Usually, the mass of Ru(II) polypyridyl complexes with imidazole rings is calculated from a series of multiplycharged ions obtained by the successive loss of counter ions or protons. Fig. 1 Fig. 2 . Two sets of NMR signals are observed, one set corresponds to the ancillary ligand 2,2'-bipyridine, and the other set corresponds to the ligand HL 2 . The chemical shift of the proton on the nitrogen atom of the imidazole group was not observed for the complex [Ru(HL 2 )] 2+ , since metal coordination causes electron deficiency in the ligand and, as a result, the NH proton is more acidic and easily exchanged between the two nitrogen atoms of the imidazole fragment.
Photophysical properties
The UV/Vis absorption spectra of both complexes were obtained in CH 3 CN solution, at a working concentration of 10 −5 mol L −1 . The energy maxima and absorption coefficients are summarized in Table 1 , and the spectra are shown in Fig. 3 . Assignments of the absorption bands are made on the basis of the well- documented optical transitions of analogous Ru(II) polypyridyl complexes [20 -22] . The spectra comprise four distinct regions. The bands at around 287 and 243 nm are attributed to intraligand π → π * transitions centered on the 2,2'-bipyridine. In the higher energy region around 345 nm, the spectra display the characteristic π → π * band of the core ligand. The band at 461 nm can be assigned to metal-to-ligand charge transfer (MLCT), which consists of overlapping dπ(Ru) → π * (bpy) and dπ(Ru) → π * (L) components. The lowered symmetry removes the degeneracy of the π * levels, which results in the appearance of a nonsymmetrical MLCT band. The MLCT absorption maximum of both complexes is red-shifted by about 11 nm compared with that of Ru(bpy) 2+ 3 [28] because both ligands have larger π frameworks.
Emission band maxima and emission quantum yields of both complexes are summarized in Table 1 . The emission quantum yields are calculated relative to Ru(bpy) 2+ 3 (Φ std = 0.062) in deoxygenated CH 3 CN [29 -31] , using the equation Φ em = (η 2 compd /η 2 std )(A std /A compd )(I compd /I std )Φ std . Upon excitation into the MLCT band of both complexes, they show intense emission at around 613 nm Fig. 3 
Electrochemistry
The electrochemical behavior of both complexes was studied in CH 3 CN and DMF solutions with 0.1 mol L −1 TBAP as supporting electrolyte. In CH 3 CN solution, the reductions are not well resolved due to the adsorption of the reduced species onto the surface of the platinum electrode, whereas in DMF, the complexes display three clear reduction processes, but do not show the oxidative waves due to the limitation by the solvent. Therefore, the oxidation potentials were recorded in CH 3 CN, but the reduction potentials were recorded in DMF ( 
pH-Dependent photophysical properties
The pH dependence of the ground-and excited-state properties of both complexes has been investigated by UV/Vis absorption and fluorescence spectra, respectively. Spectrophotometric titrations over the pH range 0.03 -1.98 were performed in CH 3 CN-H 2 O (HClO 4 ) (1 : 1, v/v) buffer solution, the pH of the solution was adjusted with concentrated aqueous NaOH solution. Spectrophotometric titrations over the pH range 2.05 -11.79 were carried out in acetonitrile-BritonRobinson (1 : 1, v/v) buffer solution with 0.2 mol L −1 NaCl to keep a constant ionic strength. Fig. 4 shows the UV/Vis absorption spectra of complex [Ru 2 (H 2 L 1 )] 4+ as a function of pH. The spectral changes indicate that the complex undergoes three successive deprotonation processes. Upon increasing the pH from 0.03 to 1.98 (Fig. 4a) , the MLCT band at 451 nm and the 2,2'-bipyridine-centered intraligand π → π * transition band at 283 nm are red-shifted to 456 and 285 nm, respectively, accompanied by slight decreases in their intensities. The bands at 254 and 365 nm are blue-shifted to 245 and 344 nm, respectively, accompanied with decreases in their intensities. The observed spectral changes are attributed to the concurrent dissociation of two protons from the protonated piperazine fragment. The occurrence of one isosbestic point at 336 nm indicates the presence of two species in equilibrium. Several methods can be used to determine the pK a values [33 -36] ; for this work, the spectrophotometric method already reported in the literature for other Ru(II) polypyridyl complexes was chosen [37] . A plot of absorbance at 365 nm versus pH for complex [Ru 2 (H 2 L 1 )] 4+ is given in the inset of Fig. 4a . The pH at the point of inflection gives the value of the first ground-state ionization constant pK a1 of 1.43. The second deprotonation step (Fig. 4b) , which takes place over the pH range from 2.05 to 7.19, is assigned to the concurrent dissociation of two protons from the protonated imidazole rings, resulting in the following spectral changes: the absorption intensi-ties for the bands at 286 and 319 nm become slightly increased, and the minimum at 229 nm decreases in intensity. The value of the second ground-state ionization constant pK a2 is 5.59. Further increasing the pH from 7.19 to 11.79 can induce the deprotonation of neutral imidazole groups (Fig. 4c) . The bands at 458 and 286 nm are red-shifted to 461 and 288 nm, respectively, accompanied by decreases in their intensities. The band at 319 nm is red-shifted to 329 nm with an obvious increase in intensity. The minimum at 490 nm is increased in intensity with a broader tail extending out to nearly 550 nm. The occurrence of three isosbestic points at 244, 384, and 468 nm indicates the presence of two species in equilibrium.
The value of the third ground-state ionization constant pK a3 is 9.06. Three ground-state ionization constants are comparable to previously reported data for analogous Ru(II) complexes. The first ionization constant of the protonated piperazine ring is comparable to the corresponding pK a value of 1.50 for the complex 1a [38] . The ionization constant of the protonated imidazole rings is close to the pK a2 value of 5.23 for the complex [Ru(bpy) 2 (Hbopip)] 2+ [39] . The ionization constant of the neutral imidazole rings is comparable to the corresponding value of 9.28 for the complex [(bpy) 2 Ru(mbpibH 2 )Ru(bpy) 2 ] 4+ [40] .
The fluorescence spectral changes of the complex [Ru 2 (H 2 L 1 )] 4+ as a function of pH is shown in Fig. 5 . As the pH increases from 0.03 to 1.98, the fluorescence intensity increases by about 39 % (Fig. 5a) . Hence, complex [Ru 2 (H 2 L 1 )] 4+ acts as an "off-on" fluorescence pH switch during the process. When the pH is increased from 2.05 to 7.19, the emission maxima are blue-shifted from 624 to 613 nm, and the emission intensities decrease by about 27 % (Fig. 5b) . The fluorescence of the complex is partly quenched because the protonated bridging ligand is a better π acceptor than the peripheral 2,2'-bipyridine ligands [38] . On further raising the pH from 7.19 to 11.79 (Fig. 5c) , the emission intensities are found to decrease sharply by about 87 %, and the emission maxima are red-shifted from 613 to 625 nm. Especially over the pH range from 8.03 to 9.15, the complex [Ru 2 (H 2 L 1 )] 4+ shows obvious variations in the emission spectra with a maximum on-off ratio of 6. This on-off ratio compares favorable with the data reported for analogous imidazolecontaining Ru(II) polypyridyl complexes [20 -22] . Hence, [Ru 2 (H 2 L 1 )] 4+ acts as an effective "on-off" fluorescence pH switch over the stated pH range. This behavior may involve rapid radiationless decay [32] . It has been well documented that the energy of metalcentered excited states depends on the prevailing ligand field strength, which in turn depends on the σ -donor and π-acceptor properties of the ligand. The negative charge on the deprotonated imidazole rings can be delocalized over the whole π framework, decreasing the σ -donor and increasing the π-acceptor capacity of the bridging ligand, and resulting in a weakening of the ligand field strength around the metal center and in turn lowering the metal σ * orbitals [20 -22] . The value of ∆E between the metal σ * orbital and metal π orbital of the deprotonated complex [Ru 2 (L 1 )] 2+ is lower than that of the complex [Ru 2 (H 2 L 1 )] 4+ . Consequently, population of the excited state is very efficient for the deprotonated complex, and this complex is essentially weakly emissive at room temperature. The excited state ionization constant pK a * could be estimated on the basis of the Förster cycle [36] , which correlates pK a * with pK a thermodynamically by the equation pK a * = pK a + (0.625/T )(v B − v HB ), inwhich v B and v HB are pure 0-0 transitions in cm −1 for the basic and acidic species, respectively. In practice, v B and v HB are often difficult or even impossible to obtain. A good approximation is to use the emission maxima for v B and v HB since a protonation equilibrium is almost certainly established between the 3 MLCT states [41] . Therefore, the energies of the emission maxima in wavenumbers are used in the equation, giving three excited state ionization constants of pK a1 * = 1.43, pK a2 * = 5.31, and pK a3 * = 9.36. The value of pK * a3 is 0.30 pK a units greater than the value of pK a3 , indicating that the electron density of the excited state is higher than that of the ground state, and the excited electron is directed to the H 2 L 1 rather than to the 2,2'-bipyridine ligand. The increase in electron density on the ligand H 2 L 1 increases its basicity and, therefore, increases the excited state pK a * value. [Ru(HL 2 )] 2+ also undergoes three successive deprotonation processes. The values of the three ground-state ionization constants pK a1 , pK a2 , and pK a3 are 2.08, 5.32, and 9.02, and the values of the three excited state ionization constants pK a1 * , pK a2 * , and pK a3 * are 2.10, 5.07, and 9.37, respectively.
Conclusion
Two polypyridyl ligands and their Ru(II) complexes containing uncoordinated imidazole rings along with piperazine or morpholine rings have been prepared and characterized. Both complexes have a broad pHsensing range, and the photophysical properties of both complexes are strongly dependent on the pH value of the solution. Both complexes act as "off-on-off" fluorescence pH sensors, with a maximum on-off ratio of 6. The two complexes have potential utility to detect pH changes in the environment, due to their protondependent fluorescence properties.
